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Introduction
Stretching a human muscle in vivo has been studied in terms of muscle performance (Behm & Chaouachi, 2011) , range of motion (Konrad & Tilp, 2014) and, to a lesser extent, also in terms of neural responses (Guissard & Duchateau, 2006) . Although it is often suggested that stretching-induced neural alterations influence stretching-related changes in performance and range of motion (Kay & Blazevich, 2009) , to date it is not clear whether the magnitude and duration of these neural effects are appropriate to support these assumptions. Indeed, most of the studies conducted on stretching-induced neural changes have focused on the effects during the procedures, providing only minimal information about the effects after stretching (Guissard et al. 1988 (Guissard et al. , 2001 Vujnovich & Dawson, 1994; Yapicioglu et al. 2013) . Moreover, the neural assessments performed were not sufficient to provide a complete overview of the phenomenon. In fact, although neural responses to stretching have been explored by measuring motor-evoked potentials (MEPs; Guissard et al. 2001; Oliveri et al. 2012) , H reflexes (for review see Budini & Tilp, 2016) and stretch and tendon T-reflexes (Guissard et al. 1988; Rosenbaum & Hennig, 1995; Weir et al. 2005) , each of these measurements shows a response that is mediated by multiple elements acting on a neural pathway; therefore, by simply looking at this overall response it is not possible to determine which of these elements are influenced by stretching, which parts of the entire neural pathway are influenced, and in which proportion one part is affected in comparison to the others. For example, it is known that after traditional static stretching, tendon tap and stretch reflexes are inhibited (Rosenbaum & Hennig, 1995; Weir et al. 2005 ), but it is not possible to establish whether this inhibition is solely due to reduced sensitivity of the muscle spindles in response to formation of slack in intrafusal fibres (Proske et al. 1993) or whether the inhibition is also mediated at presynaptic and/or postsynaptic sites. Knowing that the H reflex is more sensitive than the T-reflex to presynaptic inhibitions and equally sensitive to postsynaptic inhibition (Morita et al. 1998) , by recording both T-and H reflexes a first distinction between changes in muscle spindle sensitivity and changes in the reflex neural pathway can be explored. By integrating MEP recordings, further differentiation between changes in the spinal or supraspinal pathways could be possible.
Most of the existing literature agrees that during either traditional static stretching or repeated lengthening movements, stretch and tendon T-reflexes are more inhibited than the H reflex (Guissard et al. 1988; Gregory et al. 1990; Avela et al. 1999 Avela et al. , 2004 Guissard & Duchateau, 2004; Weir et al. 2005) , and depressions of spinal responses are more marked than depressions of cortical responses (Hultborn et al. 1996; Guissard et al. 2001; Duclay et al. 2011 Duclay et al. , 2014 . Both spinal inhibitions appear at the same stretching angle (Guissard et al. 1988) , whereas inhibition of MEPs is observed only at a higher degree of stretch (Guissard et al. 2001) . After either static stretching or repeated lengthening movements, both the H reflex and MEP responses are fully restored as the joint returns to its neutral position (Guissard et al. 2001) . In contrast, stretch and T-reflexes remain inhibited after the cessation of the period of the interventions (Rosenbaum & Hennig, 1995; Avela et al. 1999; Weir et al. 2005) .
Even by taking all these results together it is still not possible to predict the duration and the magnitude of neural responses to a given standard stretching protocol. Moreover, considering that the above-mentioned studies adopted different stretching protocols and recording techniques and that no study combined all of the three measurements, it is also not possible clearly to distinguish and quantify the neural adjustments that have occurred.
This study was conducted with the aim of analysing the underlying mechanisms that mediate neural responses to stretching, by recording the H reflex, T-reflex and MEPs before and immediately after a standard static stretching intervention. Moreover, in order to explore potential time effects that might be relevant for linking changes in muscular performance and range of motion to neural alterations, further measurements were performed 5 and 10 min after stretching. We expected to observe a decrease in the T-reflex and to be able to suggest whether this inhibition is also partly attributable to synaptic inhibitions.
Methods

Ethical approval
The study conformed to the standards set by the Declaration of Helsinki and was approved by the research ethics board of the University of Graz (approval no. GZ. 39/77/63 ex 2013/14). Written informed consent was obtained from all volunteers before the onset of the experimental procedures.
Participants
Nineteen recreationally active sport science students (age 25.7 ± 5.6 years, nine male and 10 female, body mass 64.6 ± 9.9 kg and stature 172 ± 9.6 cm) with no history of neurological disorders volunteered for the experiment. Participants were required to abstain from any strenuous physical activity on the testing day and to refrain from taking caffeine-containing substances and smoking within 2 h afore the testing session. Spinal and supraspinal responses to muscle stretching
Study design
The experiment consisted of the measurement of the H reflex, T-reflex and MEPs after transcranial magnetic stimulation (TMS) immediately, 5 and 10 min after a control period (control 00, control 05 and control 10, respectively) and immediately (stretch 00), 5 (stretch 05) and 10 min (stretch 10) after the intervention (see Fig. 1 ). The intervention consisted of two bouts of 30 s stretching of the plantar flexors to the maximal individual ankle dorsiflexion (group range 28.8-42.8 deg). The stretching time was selected in agreement with that reported by Kay & Blazevich (2012) , which showed the effectiveness of stretching procedures longer than 30 s. The control period consisted of maintaining the leg in the testing position for 60 s without any stretching being applied.
Experimental procedures
Subjects were sitting on an isokinetic dynamometer (CON-TREX MJ; CMV AG, Duebendorf, Switzerland), with the standard set-up for ankle joint movement individually adjusted. Participants had their right knee fully extended and the foot resting on the dynamometer footplate, the ankle joint aligned with the dynamometer rotation shaft and the ankle angle set at 10 deg plantar flexion deviating from a neutral position at 90 deg. Volunteers sat with the trunk at 110 deg and the head supported by a cushion that, once positioned, could be deflated to allow the formation of a stable form moulded on the volunteers' head and neck shapes. By using a remote control, the volunteers were instructed to adjust the dorsiflexion isokinetic rotation operated by the dynamometer around the foot plate until the point of perceived maximal dorsiflexion. Participants were asked to keep their knee extended and to relax during the procedures.
Once the maximal individual dorsiflexion was defined, subjects left the dynamometer and were prepared for EMG recording. Subsequently, the position and stimulation intensity for the H reflex and TMS were determined. As this initial procedure lasted ß30 min, and the experimental sitting position was uncomfortable, the volunteers rested by standing up for 2 min. In order to keep this element consistent for every measurement, we asked the participant to stand up for 2 min before each sequence of stimulation. After this time, the volunteers sat down again on the dynamometer chair (position described above) and were instructed to relax completely and either keep their eyes closed or gaze at a point 4 m distant. After sitting down, the subjects were asked to move the leg into the testing position; after 60 s of control time (no stretching, simply resting the foot on the foot plate), a trigger-driven sequence of stimulations involving the T-reflex, H reflex and TMS started (control 00). One TMS was always delivered between one stretch and one H reflex stimulation, with 3 s pause after each TMS and 2 s pause after either H or stretch reflex stimulation. In this way, 5 s always elapsed between two subsequent MEPs and 10 s elapsed between two subsequent H or T-reflexes ( Fig. 1) , ensuring that one stimulation would have not influenced the other (Meunier & Pierrot-Deseilligny, 1998; Pyndt & Nielsen, 2003) . Stimulations continued for 150 s until 15 T-reflexes, 15 H reflexes and 30 MEPs were collected. The sequence of stimulations was then repeated 5 (control 05) and 10 min (control 10) after the 60 s control time, always with a 2 min standing period before were always the same [3 s after TMS; 2 s after H and T-reflexes], the stimulation triggered as the first was randomized, so that the sequence could start with any of the three stimuli (in the example, the TMS was triggered as the first stimulation).
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the new sequence of stimulations started again. After control recordings, the volunteers stood up again for 2 min and after sitting, the foot was passively rotated at 20 deg s
to the individual maximal dorsiflexion for two bouts of 30 s static stretching with no rest in between except for the time needed to return to 10 deg plantar flexion position and back again to the maximal dorsiflexion position. During this period, EMG activity from soleus (SOL) and tibialis anterior (TA) of the stretched leg was monitored to ensure that the participant was relaxing completely; moreover, several recording samples were collected for subsequent analysis. Immediately after the ankle returned to the 10 deg plantar flexion angle following the second bout of stretching, the stretch 00 measurement started and continued for 150 s. Stimulations were repeated, as for the control measurements, at 5 and 10 min after stretching (stretch 05 and stretch 10, respectively), always with a 2 min standing time in between the measurements. The stretching procedure was always performed after the control procedure to avoid any possible stretching-induced long-lasting effect.
Surface electromyography
Volunteers were prepared for surface EMG recording from the SOL and TA of the right leg and from the TA of the left leg, which was used as to ensure that the TMS stimulation was directed only to the target (right) leg. Electrodes (Blue Sensor N; Ambu A/S, Ballerup, Denmark) for recording the H reflex from the SOL muscle were placed in monopolar configuration (as suggested by Hadoush et al. 2009 ); all the other electrodes were placed in a standard bipolar configuration at an interelectrode distance of 20 mm. Two earth electrodes (one per leg) were placed over the medial surface of the tibial bone.
Stimulations
All stimulations were performed with the ankle joint at 10 deg plantar flexion.
H and M waves measured in SOL were elicited by electrical stimulation (KeyPoint R two-channel, Alpine Biomed ApS, Skovlunde, Denmark) delivered to the tibial nerve by rectangular pulses of 1.0 ms duration. The anode (5 cm × 9 cm; STIMEX adhesive gel electrode) was placed on the patellar tendon, and the cathode was placed in the popliteal fossa overlying the nerve at a position that provided the greatest H wave amplitude at the smallest stimulus intensity possible. The stimulation intensity was adjusted to obtain a value at which the H wave was still in its ascending phase and an M wave was visible. This intensity was then used for all the measurements (control and stretching). During the experiment, the current delivered by the stimulator was adjusted when needed to ensure constant amplitude of the M wave.
The tendon T-reflex was elicited by a motor (Type GDRX 075; Magnet-Schultz, Memmingen, Germany)-driven hammer hitting the Achilles tendon about 3-4 cm above its insertion on the calcaneus. An electrical output from the motor provided information about its rotation, allowing hammer displacement and acceleration to be monitored.
Motor-evoked potentials in response to single-pulse TMS were recorded from SOL and TA of the right leg and from TA of the left leg. The TMS was performed with a Magstim 200 (Magstim Company Ltd, Whitland, UK) using a double cone coil (110 mm coil diameter). The coil was placed over the M1 of the leg area, 1-2 cm posterior from the vertex and slightly rotated to the left side in order obtain the largest response from the contralateral right SOL. The resting motor threshold was determined as the minimal stimulator intensity able to evoke MEPs of at least 50 μV amplitude in >50% of 10 consecutive trials (Rossini et al. 1994) . To ensure a constant coil position throughout the experiments, subjects were wearing EEG caps, where the optimal coil position was marked with a soft pen. Then 30 MEPs were elicited at 5 s intervals with stimulation intensity equal to 120% of the resting motor threshold.
Data analysis
Electromyography, torque, displacement, trigger and motor output signals were synchronized [Dewetron 7.0, (DEWETRON GmbH, Grambach, Austria) recording system], digitized with a sampling frequency of 10 kHz, stored on a PC and analysed using custom algorithms developed in Matlab (7.8.0.347 R2009a, The MathWorks Inc., Natick, MA, USA).
The 15 H waves recorded in each series were checked for consistency, and those related to an M wave showing peak-to-peak amplitude exceeding the target stimulation intensity by ±2 SDs were discarded. As a result of this criterion, four subjects had to be excluded. The reflex excitability was quantified as the average H/M ratio of the remaining waves within each series.
T-reflex waves and MEPs with peak-to-peak amplitude exceeding ±2 SDs within their own recording series were discarded (Nogueira-Campos et al. 2014) ; all the remaining waves were retained, and peak-to-peak values were used for statistical analysis.
Statistical analysis
Measurements were checked for normal distribution by the Shapiro-Wilk test. All data showed a skewed distribution and were therefore analysed with the Friedman test. Where significant results were found, follow-up Wilcoxon signed ranks tests were used to compare individual pairs between conditions (control 00 versus stretch 00, control 05 versus stretch 05 and control 10 versus stretch 10) and Wilcoxon signed ranks tests with Bonferroni-Holm adjustment for the within-condition analysis (post 00 versus post 05/10 and post 05 versus post 10). In addition, Cohen's d was used to evaluate the magnitude of the effect, with 0.2, 0.5 and 0.8 considered small, moderate and large effect sizes, respectively. All statistical analysis was completed using PASW Statistic 18.0.0 (SPSS Inc., Chicago, IL, USA).
Results
The analysis of EMG activity collected during stretching revealed that all but one volunteer could fully relax both SOL and TA muscles when the ankle was at the maximal dorsiflexion position.
H reflex
On average, 10.3 ± 1.4 out of 15 stimulations were retained after removal of those related to inconsistent stimulation intensity. Reflex excitability was influenced by the procedure (χ 2 3 = 11.309, P = 0.046). As shown in Fig. 2B , the majority of the participants had a higher H/M ratio immediately after stretching in comparison to that observed immediately after the control period, and comparison between groups confirmed the result (+18.3%, P = 0.036, z = −2.585, d = 0.45; Fig. 2A ). Within conditions, the H/M ratio revealed no variations throughout the control time, and values at stretch 00 were higher than those observed at stretch 05 (z = −2.48, P = 0.013, d = 0.24; Fig. 2A ).
Motor-evoked potentials
Transcranial magnetic stimulation was well tolerated by all participants, and no side-effects were reported. The mean resting motor threshold was 46.25 ± 9.25% of the stimulator output. Motor-evoked potentials at 120% of the 
. Results for H reflex, motor-evoked potentials (MEPs) and T-reflex in soleus muscle
Graphs in the top row represent the group mean ± SD for absolute H/M ratio (A), absolute MEPs peak-to-peak (C) and absolute T-reflex peak-to-peak values (E). In the graphs in the bottom row, each time point after stretch is expressed as a percentage of the equivalent time point after the control period for individual subjects (small markers) and the group mean ± SD (large markers), for the H reflex (B), MEPs (D) and T-reflex peak-to-peak values (F) . Negative values represent a stretching-induced inhibition, positive values a stretching-induced facilitation (one subject was removed from D for graphical presentation purposes). For comparisons within conditions, * P < 0.05 and * * * P < 0.001; for comparisons between conditions, † P < 0.05 and † † † P < 0.001.
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resting motor threshold were obtained from the SOL and TA muscles of the right leg. Mean amplitudes at control 00 were 335 ± 328 μV for SOL and 243 ± 317 μV for the right TA. Results from SOL ( Fig. 2C and D) were taken for subsequent statistical analysis. The analysis showed that MEP amplitudes were affected neither by the conditions nor by the time points.
T-reflex
One subject was discarded from the analysis because subject did not show a T-reflex response. A group average of 14.5 out of 15 T-reflex responses was retained after removal of those related to inconsistent amplitude within each series. The output from the motor proved that the speed and amplitude of the hammer displacement were consistent throughout the entire experiment.
The T-reflex was inhibited by the intervention (χ 2 3 = 28.8, P = 0.000; Fig. 2E ). Immediately after stretching, the T-reflex was weaker than immediately after the control period in all but one participant (Fig. 2F) ; at post 05, all volunteers were recovering, but at stretch 10 the group average T-reflex amplitude was still 13.7% lower than the T-reflex amplitude at control 10 (Fig. 2F ). Comparisons at post 00 between the two conditions (control 00 versus stretch 00) confirmed this result (z = −3.57, P = 0.000, d = 0.94), whereas there were no differences between control and stretch in the measurements at the subsequent two time points (Fig. 2E) . Comparisons within control conditions showed no differences, whereas a stronger inhibition was observed at stretch 00 in comparison to stretch 05 and stretch 10 (z = −3.44, P = 0.001, d = 0.98 and z = −3.1, P = 0.002, d = 1, respectively; Fig. 2E ).
Linear regression analyses were performed within each series of 15 T-reflex and H reflex recordings spread along the 150 s sequence of stimulations. The results presented in Fig. 3 show that both the T-reflex and the H reflex exhibit a tendency to recover (from inhibition and facilitation, respectively) throughout the measurements performed, starting from immediately after stretching and for the next 2.5 min (T-reflex, R 2 = 0.34, P = 0.022; and H reflex, R 2 = 0.35, P = 0.026). However, from 5 min after stretching onwards, the amplitudes of both reflexes were not different from those observed after the control period and remained stable throughout the following set of measurements.
Discussion
The main finding of this study was that 1 min of static stretching primarily affects muscle spindle sensitivity, facilitates the H reflex, and depression of motor cortical influences can be excluded.
H reflex
There is almost unanimous agreement in the literature about H reflex inhibition during an ankle dorsiflexion movement or at the static end position of a stretch; on the contrary, the effects from within few seconds to several minutes after the end of a stretching protocol are not consistent (for review, see Budini & Tilp, 2016) . Those studies that adopted interventions and testing procedures comparable to ours, meaning that several stimulations were performed after static stretching, all reported that the H reflex recovered to baseline values as soon as the ankle was returned to the neutral position (Guissard et al. 1988 (Guissard et al. , 2001 Vujnovich & Dawson, 1994; Yapicioglu et al. 2013; Opplert et al. 2016) . However, by looking at the results table presented by Yapicioglu et al. (2013) and at the graph presented in the paper by Vujnovich & Dawson (1994) , the H reflex seems to be slightly facilitated after stretching. Our results of a higher H/M ratio at stretch 00 in comparison to both control 00 and stretch 05 ( Fig. 2A and B) are therefore not fully in disagreement with the existing literature. In any case, none of these studies aimed specifically to look at the effects of spinal excitability after stretching, and the full recovery of the H reflex was reported as an observed phenomenon without providing methodological details that would allow a proper comparison.
In the present work, the facilitation of the H reflex showed a quick tendency to recover, and at the fifth measurement (between 40 and 50 s after stretching) of the stimulation sequence, values after stretching were the same of those after the control period (Fig. 3B ). This confirms that the time elapsed between the end of the stretching and the termination of the H reflex measurement is a crucial element for looking at the variation of spinal excitability (Budini & Tilp, 2016) .
Given that pre-and postsynaptic inhibition were not tested in the present experiment, it is not easy to explain the increase in the H reflex observed immediately after stretching, particularly in the first 20-30 s following the procedure. It could be suggested that some Ib-mediated postsynaptic inhibition is present when a subject is sitting with the leg extended at the knee (as in our experimental set-up) because of joint afferent projections on Ib fibres (Lundberg et al. 1978) . During maximal dorsiflexion, the activity of Golgi tendon organs was certainly enhanced, possibly reaching the point of inducing homosynaptic depression of the Ib afferents. Therefore, immediately after stretching, the increase in the H reflex could be attributed to Ib homosynaptic depression, with a consequent decrease of Ib-mediated postsynaptic inhibition, although that should also have been mirrored in an increase in size of the MEPs. On the basis of this speculation, it could be hypothesized that a longer period of stretching would induce a longer facilitation of the reflex; however, a recent study by Opplert and colleagues (2016) denies this suggestion.
Finally, it has to be emphasized that the low Cohen d values for the results relating to the H reflex highlight the limitation of a small sample size.
T-reflex
One of the differences between the T-and H reflexes is that the T-reflex is susceptible to the morphological and mechanical properties of the muscle-tendon unit (Matthews, 1959) , and both these parameters are considerably influenced by stretching (Morse et al. 2008) . On the basis of this and supported by existing literature (Burke et al. 1983; Guissard et al. 1988; Rosenbaum and Hennig, 1995; Avela et al. 1999 Avela et al. , 2004 Guissard & Duchateau, 2004; Weir et al. 2005) , we were expecting that the H-and T-reflexes would not have responded to stretching in the same way. Accordingly, the T-reflex showed a remarkable inhibition immediately after stretching (Fig. 2E) . Taking into account that the H reflex and MEPs at stretch 00 were not inhibited with respect to control 00 ( Fig. 2A and C) , the reduction of the T-reflex waves is more likely to be attributable to reduced muscle spindle sensitivity owing to formation of slack in the intrafusal fibres (Proske et al. 1993 ) rather than to enhanced inhibition at synaptic, cortical or spinal levels. In response to this suggestion, it could be argued that in our protocol, given that an electrical stimulus was delivered to the tibial nerve to evoke an H reflex 5 s after having elicited the T-reflex (see Fig. 1 ), the γ-motoneurones were also activated, in this way resetting any slack within the intrafusal fibres. However, to reset slack in muscle spindles a powerful electrical stimulation of the γ-motoneurones would be needed, because it is known that in order to excite muscle spindle afferents through activation of γ-motoneurones, the intensity of stimulation should be supramaximal (Matthews, 1933) . The stimulation intensity in our study was set simultaneously to obtain H waves in the ascending part of the recruitment curve and visible M waves. This intensity corresponded to an H wave very close to the maximal H and a 
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very small M wave. γ-Motoneurones have a smaller diameter than α-motoneurones (Manuel & Zytnicki, 2011) and, consequently, a higher activation threshold (Pierrot-Deseilligny & Mazevet, 2000) . Therefore, a current flow that just reached the threshold for the α-motoneurones is likely not to have reached the threshold of the γ-motoneurones. Looking at regression analyses of the 15 T-reflex waves collected, starting from immediately until 150 s after stretching, group average values show a clear tendency to recover (Fig. 3A) . However, at the 15th measurement of the stretch 00 series (150 s after stretching) the T-reflex was still 41% smaller than at the 15th measurement performed at control 00 (150 s after control), whereas the first measurements of the post 05 series (stretch 05 and control 05) were identical. Therefore, the recovery was completed between 150 and 300 s after stretching and at a faster rate compared with what was described by the regression curve defining control 00 recovery trend. However, in this period of time the volunteer stood up for 2 min (Fig. 1) , and this is likely to have helped, by means of α-γ co-activation, to regain any slack in the intrafusal fibres, therefore facilitating a quicker recovery of reflex briskness.
The T-reflex at control 00 appeared larger than both control 05 and control 10 and than stretch 05 and stretch 10 (Fig. 2E) ; for this reason, further analysis was performed. Although this difference reached a significant level only in comparison to stretch 05 (P = 0.006; control 00 versus stretch 10, P = 0.039 was not significant after Bonferroni correction), it is worth speculating about the potential mechanisms behind this result. It is known that the activity of γ-motoneurones is mediated by many neural elements, including articular (Sjölander & Johansson, 1995) and ligament receptors (Johansson, 1991) . In our study, the volunteers were tested with their leg extended at the knee and foot resting on the dynamometer foot plate. As a result of this position, the cruciate ligaments were surely under some load. It has been extensively reported that the effects of ligament afferents on γ-motoneurones are strong and are elicited at a low mechanical stimulation intensity (for review, see Johansson, 1991) particularly when the joint approaches the end of its normal range of motion (Sjölander et al. 2002) . We therefore suggest that after some time with the subject sitting in the testing position, afferents from the cruciate ligaments inhibited the γ-muscle spindle system, resulting in the observed reduction in reflex amplitude from control 00 to all the subsequent measurements.
Corticospinal excitability
The results on MEP amplitudes show that corticospinal excitability in the relaxed muscle remained unchanged following stretching with a duration of 1 min. Thus, with respect to the inhibition found in the T-reflex and the facilitation of the H reflex, depression of motor cortical influences can be excluded. Otherwise, some compensatory increase of cortical influence might have occurred. In order to prove this, paired pulse TMS protocols are required to test whether intracortical excitability increases after a period of prolonged stretching.
Also, it is unlikely that the TMS stimulations influenced the other results; in fact, although it is known that TMS can be used to condition the H reflex (Meunier & Pierrot-Deseilligny, 1998; Pyndt & Nielsen, 2003 ) the interstimulus intervals have to be within a few milliseconds in order to be able to observe an effect. In our protocol, 3 s were allowed between a TMS stimulation and the following H or T-reflex stimulation. Hence, we can exclude such an effect.
In conclusion, 1 min standardized static stretching inhibits the T-reflex and facilitates the H reflex, while corticospinal excitability remains unchanged. Owing to the short duration and the easy reversibility of these neural alterations, the possibility that changes in performance or range of motion could be ascribable to neurological responses is unlikely. By having combined three measurements at different levels of the neural pathway, we can suggest that stretching decreases either or both pre-and postsynaptic inhibition, but it has a stronger and longer effect on muscle spindle sensitivity.
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